In this paper is presented an analytic, theoretical and numerical study of the Viscous Rotary Engine Power System (VREPS). In addition, a proposed process flow for the fabrication of the VREPS using DRIE of silicon is described. The design premise of the VREPS is to derive mechanical power from the surface viscous shearing forces developed by a pressure driven flow present between a rotating disk or annulus and a stationary housing. The resulting motion of the rotating disk or annulus is converted into electrical power by using an external permanent magnet, embedded nickel-iron magnetic circuits, and an external switched magnetic pole electric generator similar to the design proposed by M. Senesky for the UC Berkeley micro-Wankel Engine [1] . This paper will examine the power output, isentropic efficiency, and operating characteristics of the disk and annular viscous turbines using the lubrication approximation and the Creeping Flow Equations (Stokes Flow). The viscous turbine is optimized for maximum isentropic efficiency using MATLAB numerical optimization routines. Finally, a unique triple-wafer micro-fabrication process for VREPS is presented.
INTRODUCTION
Micro power generation has attracted the attention of numerous researchers over the last decade. Many of their projects have sought to miniaturize existing macro-scale devices, while a few have examined unique solutions to power generation at small length scales. For example, the micro Wankel engine at UC Berkeley and the micro gas turbine at MIT were designed to harness inertial forces in the same way as their macro-scale counterparts [2, 3] . Unfortunately, surface viscous shearing forces and inertial forces do not scale uniformly as length scales decrease; rather, the shearing forces become much more significant at small length scales [4] . Therefore, a micro power generation device that relies on surface viscous shearing forces may be able to overcome efficiency limitations endemic to current micro-scale power generators which use inertial forces to generate mechanical power.
This paper explores the design of a novel micro power generator based on surface shearing stresses, the Viscous Rotary Engine Power System (VREPS). VREPS is similar to the Tesla Turbine, patented by Nikola Tesla in 1913 in that both devices rely on a viscous dominated flow regime to transfer energy [5] . In addition, moving parts at the microscale are difficult to achieve reliably; thus, the use of thin film lubrication to prevent physical contact and simultaneously generate mechanical power could result in higher efficiency devices. 
NOMENCLATURE

DESIGN
VREPS consists of four major components: a viscous turbine, nickel-iron magnetic circuits electroplated into an etched silicon wafer, an external permanent magnet, and an externally mounted electric generator.
All of these components are integrated into a singular modular package, as show in Figure 1 . The viscous turbine is modeled after the macro-scale drum and cylinder viscometer; however, the flow is driven by an external pressure gradient instead of by the rotation of the inner cylinder; thus, the resulting flow field in the gap is a Couette-Poiseuille flow. The mechanical power generated by the shearing forces at the wall of the rotating cylinder is used to create an oscillating magnetic field by switching the steady magnetic field emanating from the external permanent magnet between two paths (a) and (b). Magnetic field switching is accomplished as magnetic-material poles embedded in the turbine rotor alternate position. Next, the oscillating magnetic field is passes through the electric generator by way of the magnetic circuits and is converted into electricity. The magnetic circuits and the external generator are currently under development by D G Jones and M Senesky, respectively; however, the design, performance, and optimization of the viscous turbine have not been considered [6, 1] .
The viscous turbine is designed to operate using viscous shear forces present in narrow, high aspect ratio microchannels. The viscous turbine component consists of two main elements: a rotating cylinder with embedded magnetic poles (called the rotor) and a static circular cylinder enclosing the rotor (called the housing). The gap between the rotor and the housing varies in height due to changes in the geometry of the housing, where the large gaps are the driving channels and the small gaps are the seals. Fluid at an elevated pressure p in enters the device through multiple inlet ports and travels along the driving channels. The rotor is forced to rotate by shear forces generated at the rotor surface by the working fluid, which then exits through outlet ports at a lower pressure p out . Parasitic leakage passes through the seals; however, the leakage is an order of magnitude smaller than flow through the driving channels. Two rotor designs are considered for the viscous turbine: a disk and an annulus. Both of the designs considered have a number N of driving channels and seals. Figure 2 shows a schematic of a disk viscous turbine with three driving channels; arrows indicate the direction and relative magnitude of the flow through the device. The face leakage across the disk design has a radial component that would provide additional parasitic loss, while the annulus design shown in Figure 3 avoids this problem. The seals play an important role in the turbine operation by isolating the high-pressure regions from the low-pressure regions. Three different seals designs are considered for the viscous turbine: a rigid seal, a double-ended flexure seal, and a pressure assisted singly supported seal. The proposed seal designs are shown in Figure 4 . The rigid seal (a) is a fixed gap and is vulnerable to thermal expansion mismatches between the rotor and the housing. The doubly supported beam seal (b) can compensate for rotor expansion and provide better sealing; however, it can introduce friction. The singly-supported pressure assisted beam seal (c) is located so the high pressure fluid inlet is to the right of the seal and the pressure differential across the cantilever drives it towards the rotor, much like a flapper valve. Modeling in this paper only considers the rigid seal.
The viscous turbine device features a three-layered-wafer design that is bonded to a high-pressure combustion chamber. High pressures could be generated inside the chamber by the supercritical combustion of solid fuels.
The effluent depressurizes through the viscous turbine generating mechanical work that will be eventually transformed into electrical power by the external electricity generator. Following the expansion of the combustion by-products, there is a tremendous amount of energy left in the effluent. Heat regeneration or other micro-power generators, such as a Stirling engine, a Wankel engine, or a gas turbine, could be used to scavenge this energy to increase the overall efficiency [2, 3] . Figure 5 shows a conceptual exploded view of an annular viscous turbine with four driving channels and embedded magnetic poles in the rotor (middle silicon wafer). Other features include magnetic circuits patterned on the top silicon wafer with etched outlet ports, access inlet ports etched on a handle wafer and a sealed solid fuel combustion chamber which would generate the high pressure necessary to operate the device.
ANALYSIS
Analysis of the viscous turbine is divided into three major components: dimensional analysis, fluidic model development, and optimization. The following sections outline each phase of this analysis.
Non-Dimensional Parameters
The geometry and operating characteristics of the viscous turbine can be simplified by using a number of nondimensional parameters.
The following non-dimensional parameters are used in the subsequent fluidic model and numerical optimization.
Geometric Parameters
Percentage of the disk/annuls perimeter dedicated to the seals. Gap Ratio: Ψ = g dc / g seal (2) Ratio of the driving channel gap to the seal gap. Annulus Ratio: γ = R i / R o (3) Ratio of the inner annulus radius to the outer annulus radius. Note: this ratio is not defined for disk viscous turbines.
Operating Characteristics
Speed Factor: Ω = ω loaded /ω unloaded (4) Factor ranging from 0 to 1, with 1 representing an unloaded rotor and 0 representing a stopped rotor. Load Factor: Φ = 1 -ω loaded /ω unloaded (5) Factor ranging from 0 to 1, with 0 representing a fully loaded (stopped) rotor and 1 representing an unloaded (free spinning) rotor.
Reynolds Number:
Measure of the relative magnitudes of inertial forces to viscous forces.
Fluidic Model
Performance parameters for VREPS such as power output, angular velocity, and efficiency are predicted using the NavierStokes Equations (NSE). A full solution to the flow in the device can be found considering the flow around the rotor in cylindrical coordinates, r, z, and θ; or the radial, axial, and azimuthal directions. Although, this full solution would provide an accurate estimate of the performance, it is beneficial to simplify the model to expedite the analysis of different designs as well as enable numerical optimization.
The rotor is designed to have a thickness that is much greater than the width of the driving channel or the sealing gap. Thus, flow in the channel can be considered two dimensional in the radial and azimuthal directions, and uniform in the axial direction.
Furthermore, the flow field becomes onedimensional in the radial direction when the fluid is considered incompressible and flow in the azimuthal direction is fully developed, or steady. Next, the problem is linearized to a Cartesian coordinate system because the radius of the rotor is The resulting governing equations are:
Equations (7) and (8) can also be derived from the Creeping Flow equations assuming a steady, constant property, fully developed flow in a uniform channel.
The velocity, u, along the linearized channel is independent of longitudinal position, x, when the fluid is incompressible. The positive x-axis is defined in the direction of the outlet pressure, p out , for all channels. The variation in u with tangential position, y, is determined from the balance of linear momentum (BLM), from equation (8) . The velocity field, u(y), in a seal gap and driving channel gap are found by integrating the BLM assuming constant properties and by applying the boundary conditions shown in Figure 2 :
where g is the gap between the disk and the wall, µ is the dynamic viscosity of the working fluid, dp/dx is the pressure gradient across the channel, and R is the radius rotating surface. The pressure gradients, dp/dx, in the driving channel and the seal are defined in terms of the non-dimensional parameters as follows: φ πR N dp dx dp
N dp dx dp dc (12) where dp is the pressure drop across the device (p in -p out ), φ is the seal factor, and N is the number of seals.
The flow rates, Q seal and Q dc , through the seal and driving channel can be found by integrating equations (9) and (10) across the channel where t is the thickness of the rotor:
Next, the net flow rate through the device is defined as the sum of the flow rates through all driving channels and seals:
where N is the number of seals. The shearing stress at the surface of the rotor in the seal and the driving channel are then found by differentiating the velocity profiles given in equations (9) and (10). The resulting surface shearing stresses are:
The Reynolds Number is determined using the gap distance as the characteristic length and are kept below 2100 in all driving channels to ensure laminar flow. However, adherence to low Reynolds numbers in the seals is not necessary; thus, they are not presented. In addition, the Knudsen number in the driving channel should be less than 0.1 to ensure that slip does not occur at the rotor surface [7] .
A torque balance on the rotor is performed to determine the applied torque by considering the shear forces on the driving channels and seals. Free body diagrams of the disk and annular rotors are given in Figure 6 and 7, respectively. The sum of the torques about point O for the disk and annular rotors are:
Now, solve equations (19) and (20) for the applied torques, substitute the annulus ratio (γ) for the inner radius (R i ), and substitute the speed ratio (Ω) for the loaded angular frequency (ω loaded ):
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(22)
Next, the unloaded angular frequency, ω unloaded , can be found by setting the applied torque to zero, setting the speed ratio to unity, and solving for ω unloaded in equations (21) and (22). The definitions for dp/dx in equations (11) and (12) 
where γ is the annulus ratio, φ is the seal factor, N is the number of seals, dp is the pressure drop across the device, and µ is the dynamic viscosity of the working fluid.
The net mechanical power output can then be calculated by taking the product of the applied torque and the loaded angular velocity:
where ω unloaded is found by using equations (23) or (24), T is found by using equations (21) or (22), and the speed ratio, Ω, is specified.
The isentropic efficiency of the device is evaluated by comparing the rate of work done by the applied torque, shown in equation (25), to the isentropic depressurization of the working fluid. The rate of work done by the isentropic process and the isentropic efficiency are shown in equations (26) and (27), respectively:
where Q is the net volumetric flow rate through the device from equations (15) or (16), ρ is the density of the water (1000 kg/m 3 ), and h is the enthalpy found using the compressed liquid water tables in [8] .
Maximum Power Output
The maximum power output of the disk viscous turbine is found by substituting equations (21) and (23) into equation (25) and differentiating with respect to the speed ratio, Ω . The derivative is then set to zero to find the speed ratio at which maximum power occurs. The resulting derivative for a disk viscous turbine is:
Thus, maximum power output for a disk viscous turbine occurs at a speed ratio of 50%. A similar analysis is performed with the annular viscous turbine using equations (22), (24), and (25). Maximum power for an annular viscous turbine also occurs at a speed ratio of 50%. A similar procedure is followed for the annular turbine. Table 1 summarizes these results in terms of the load factor defined in equation (5).
Maximum Efficiency
The maximum isentropic efficiency of the disk viscous turbine can be found by substituting equations (21), (23), and (25) into equation (27) and differentiating with respect to the speed ratio, Ω, to find the maximum point. The derivative is then set to zero to find the speed ratio at which maximum isentropic efficiency occurs. Table 1 summarizes these results in terms of the load factor. 
Viscous Turbine Optimization
The optimum gap ratio (Ψ), seal factor (φ), speed factor (Ω), and annulus ratio, if applicable, are found by using one minus the isentropic efficiency as the objective function. The constraints on the gap ratio and seal factor were chosen based on the limitations of current micro fabrication techniques. Table 2 provides the objective function and constraints on the design variables. Results from this analysis are presented in the results section. 
RESULTS
Power output and isentropic efficiency are predicted using the one-dimensional linearized flow model derived in the analytical section. Figure 8 provides contour plots of the isentropic efficiency for the disk and annular viscous turbines plotted over load factors from 0 to 100% and seal factors from 0.5% to 10%. The optimum point from the numerical optimization in MATLAB is indicated in each of these contour plots with an asterisk. Optimization of the disk and viscous turbine indicated designs that maximized the gap ratio and annulus ratio; therefore, these parameters were taken at their upper limits defined in Table 2 (Ψ=10,γ=0.7).
The contour plots indicate that a sealing ratio of 1% is optimal for both viscous turbine designs with the isentropic efficiency dropping as the seal ratio becomes less than 1% or greater than 1%. The most efficient point occurs at a load factor of 63.5% for the disk viscous turbine and 62.5% for the annular viscous turbine.
The isentropic efficiency and power output as a function of load factor for the optimum disk and annular viscous turbine designs are given in Figure 9 . The design parameters (dimensions and dynamic characteristics) are provided on each plot. The maximum power output occurs at a load factor of 50% for each turbine, which is clear from the performance plots. The results provided here are explored further in the discussion section.
FABRICATION
Fabrication of the VREPS will be accomplished using bulk micro-fabrication techniques and fusion bonding to join wafers. The engine will consist of a triple-wafer stack: a handle wafer (500µm), a rotor wafer (250µm), and a cover wafer (500µm). The handle wafer consists of the bottom magnetic circuit and fluidic inlet ports. The rotor wafer contains the rotating annular viscous turbine with embedded nickel-iron (Ni-Fe) poles (referred to as the rotor), the housing, and a magnetic circuit pass-through from the cover wafer to the handle wafer. The cover wafer consists of two magnetic circuits above the rotor, a magnetic circuit pass-through to the handle wafer, and fluidic outlet ports.
The Ni-Fe electroplating process originally designed for the MEMS-REPS is a key enabling technology for the VREPS design. The 40%-60% Ni-Fe alloy, referred to as µ-metal, has favorable magnetic properties at operating temperatures below 450°C [6] . The process begins with a single masking step using a through-wafer deep reactive ion etch (DRIE). The etched wafer is then affixed to a base wafer coated with three layers: a sacrificial photoresist (PR), a copper seed layer, and a second PR layer thermally softened to join the wafers. Next, the second PR layer is patterned using the etched wafer as the mask. After the Ni-Fe is over-plated into the etched wafer, the PR is removed to release it form the base wafer and then it is planarized to a mirror finish using a lapping process [9] .
The wafers are bonded using the fusion bonding technique described by TJ Brosnihan [10] . This technique is chosen because it provides sufficient bond strength to withstand the high pressures used in this device. Fusion bonding is accomplished by bringing two oxidized wafers, with a RMS surface roughness < 4nm (mirror finish), into close contact after hydrating the surface. The surface is hydrated by soaking the wafer in a H 2 O 2 /H 2 SO 4 solution, treating it with O 2 plasma, and rinsing in DI water. Heat treatment after the initial bond can increase bond strength up to an order of magnitude [4] . Conformal low stress CVD 3C-SiC films deposited at 800°C have a low coefficient of friction, a thermal expansion coefficient of 4.2 µstrain/K, and are wear and oxidation resistant [11, 12] . These properties are well suited for use in harsh environments such as in a rotating power device with oxidizing working fluids. Additionally, SiC can be used as an etch stop for many Si etchants. SiC etching requires high energy plasma; thus, an aluminum mask is suitable because aluminum is resistant to all etchants used in the process [13] .
Device fabrication is subdivided into five key stages: prefabrication, first fusion bond, rotor formation, second fusion bond, and release. A step-by-step cross section of each stage is illustrated in Figure 9 . The number of processing steps is summarized in Table 3 .
Prefabrication: A conductive seed layer is sputtered onto the handle wafer and a 200 µm layer of PR is spun on top. The PR is patterned with the fluidic inlet channels and the wafer is electroplated with µ-metal. Next, the wafer is planarized using a lapping process and the PR is removed. A conformal 2 µm SiC layer is deposited on the top surface of the wafer and then coated with a thick layer of spin-on-glass (SOG) (fills the fluidic inlets) which is planarized using lapping. Next, a 0.2 µm SOG layer is spun on and the final planarization is accomplished using chemical mechanical polishing (CMP) to achieve a surface finish compatible with fusion bonding. Finally, the backside of the wafer is patterned with the fluidic inlet ports using an aluminum mask and is etched with DRIE through the Si and the buried SiC layer. The rotor and cover wafers are patterned with the magnetic circuits and are etched through the wafer with DRIE. The holes in the wafers are then filled with µ-metal using the process described earlier. Next, both sides of the wafer are planarized using lapping and a conformal 2 µm SiC film is deposited on the bottom surface of the cover wafer and on both sides of the rotor wafer. A 0.2 µm SOG layer is spun on the bottom of both wafers and is planarized using CMP. Finally, the SOG layer on the cover wafer is patterned and doped with Boron using ion implantation, this is to serve as an oxide etch stop during the release step. In addition, the cover wafer is patterned with the fluidic outlets using an aluminum mask and is DRIE through the SOG, SiC, and through the wafer.
First Fusion Bond: The rotor wafer is fusion bonded to the handle wafer and heat treatment to strengthen the fusion bond occurs during the subsequent processing steps. First, the rotor edges are patterned using an aluminum mask on the top surface of the wafer stack and are DRIE through the top SiC layer and the rotor wafer exposing the buried SiC. A conformal 1 µm PECVD oxide (SiO 2 ) is deposited on the surface of the wafer stack followed by a directional RIE that removes the surface oxides but leaves the side wall oxide; this is similar to the SCREAM process [4] . Next, a 5 µm SiC layer is deposited on the wafer completely filling the rotor edge trenches. The housing edges are patterned using an aluminum mask on the rotor wafer and DRIE etched through the top SiC layer, the Si wafer, the buried SiC layer, and the buried SOG layers to reveal the SiC layer on the handle wafer. Although the fluidic channel and the seal gap appear to overlap in the fabrication schematic shown in Figure 9 , they do not overlap on the wafer surface; they are superimposed in the cross section to illustrate the fabrication process. Another 5 µm SiC layer is deposited on the wafer completely filling the housing edge trenches.
Rotor Formation: The surface of the wafer stack is planarized using a lapping process, and a 0.2 µm SOG layer is spun on and then planarized using CMP. Next, the driving channel and the seal gaps are patterned using an aluminum mask onto the wafer stack to release the rotor. The SOG, top SiC layer, and the rotor wafer are etched to reveal the buried SiC layer. Next, the oxide in the driving channel and the seal gaps is removed using a 49% HF wet etch. Now, the buried SiC layer can be etched using DRIE to reveal the buried SOG layer.
Second Fusion Bond: Fusion bond the cover wafer to the rotor wafer and pattern the fluidic outlet ports on the top of the wafer stack using an aluminum mask. DRIE through the cover wafer and the buried SiC layer to reveal the buried SOG layer. Heat treat the wafer stack at ~900°C to anneal the fusion bonds.
Release: The rotor is released using an agitated 49% HF wet etch and is rinsed with DI water. The devices are then dried using a super critical drying process to prevent stiction.
DISCUSSION & CONCLUSIONS
Further optimization of the VREPS can be accomplished by considering geometry variations in multiple dimensions. First, increasing the wetted perimeter perpendicular to the flow direction of the rotating annulus would result in additional driving force, but marginal change in flow rate. Second, the viscous dissipation depends on the square of first order derivative of the velocity field; thus, viscous dissipative loss can be reduced by considering different geometries.
The 20-30% isentropic efficiency of the VREPS design suggests it could prove extremely useful in micro thermo dynamic cycles that need to regulate high-pressure fluids; however, it is important to note that the thermal efficiency of a system using a viscous turbine will be much lower. Systems operating with high pressure or super critical combustion would be ideal candidates for application of VREPS; however, high pressure combustion presents the additional complication of increased soot production. This problem can be overcome with careful selection of fuels, fuel additives, and combustion temperatures and pressures.
FUTURE WORK
More advanced modeling including dynamic stability, compressibility effects, thermal effects, and three dimensional flow fields is needed to fully assess the potential of the VREPS as a micro-power generator. Experimental measurements of flows in appropriately sized micro-channels should be used to validate fluid flow models before constructing a functional prototype. Work is currently under way to characterize the dynamic stability of the disk and annular viscous turbines using Reynolds Lubrication theory as well as simple experimental fluidic experiments to validate the results presented here.
